We implement the photoacoustic transmission-matrix approach on a two-dimensional photoacoustic imaging system, using a 15 MHz linear ultrasound array. Using a black leaf skeleton as a complex absorbing structure, we demonstrate that the photoacoustic transmission-matrix approach allows to reveal structural features that are invisible in conventional photoacoustic images, as well as to selectively control light focusing on absorbing targets, leading to a local enhancement of the photoacoustic signal.
In biological tissue, light scattering limits the penetration depth of most optical imaging techniques to a few hundred micrometers [1] . In the last few years, wavefront shaping appeared as a powerful tool to compensate light scattering. By controlling the input wavefront with a spatial light modulator (SLM), Vellekoop and Mosk first demonstrated the focusing of coherent light through highly scattering opaque layers [2]. Popoff et al. then introduced the transmission-matrix approach, allowing imaging and focusing through highly scattering samples, by measuring the complex linear relations between many input and output optical modes [3] . Many wavefront-shaping based techniques have been thoroughly investigated since [4] , but most of the proposed approach relied on a feedback signal from a camera placed behind the scattering sample, i.e. at the target plane. Although the requirement for a direct optical access to the target was considered as the main limitation for applying wavefront shaping in practical scenarios, several approaches to overcome this apparent limitation have been investigated. These methods include using implanted guide-stars [5, 6] , ultrasonic tagging of light [7] [8] [9] , and the photoacoustic effect [10] .
Photoacoustic imaging has emerged in the past decade as a powerful hybrid modality to image optical-absorption contrast in turbid media [11] . Because ultrasound waves are only weakly scattered, images can be obtained at penetration depth up to a few centimeters with a sub-mm resolution. By using the photoacoustic feedback from a single ultrasonic transducer, Kong et al. performed wavefront shaping to focus light on absorbers located behind a scattering sample [10] . The use of photoacoustic-guided wavefront shaping has then been extended to allow selective focusing at multiple absorbing targets using the photoacoustic transmission matrix [12] . Photoacoustic-guided wavefront-shaping has also been very recently performed using the large spectral bandwidth of photoacoustic signals [13] , and it has been proposed as a mean to get sub-photoacoustic resolution [14] . In addition to providing a feedback signal for wavefront shaping, it appears that coupling photoacoustics and wavefront-shaping could also improve the quality of the photoacoustic images [15] .
In all the above-mentioned works, one-dimensional photoacoustic "images" were acquired using a single spherically focused ultrasonic transducer, thus limiting the applicability of the technique to narrow fields-of-view and requiring mechanical scanning to obtain twodimensional images. In this Letter, we extend the photoacoustic transmission matrix 2 method [12] to a two-dimensional photoacoustic imaging setup using a linear ultrasound array. Photoacoustic imaging using transducer-arrays is a well established technique which provides a two-dimensional photoacoustic image in a single laser shot. Commercial linear transducer-arrays are widely used in this domain because they enable imaging a whole plane, and benefit from technologies developed for ultrasonic measurements. By combining wavefront shaping and photoacoustic imaging with an ultrasound array, we propose to measure the photoacoustic transmission-matrix over a large field-of-view without scanning. With two-dimensional photoacoustic images, the photoacoustic transmission matrix describes the complex influence of the optical input modes (SLM pixels) on the acoustic output modes (defined as the acoustic cells [16] , i.e. the intersection between each acoustic resolution cell in the photoacoustic image and the absorbing structures [12] ). We study the extended photoacoustic imaging capability provided by this matrix, which measurement involve illuminating the sample with multiple speckle patterns. Light focusing and photoacoustic imaging enhancement is demonstrated through scattering phantoms on several target positions on a complex absorbing structure.
The experimental setup is illustrated in Fig.1 . A laser pulse (Continuum Surelite, 532 nm wavelength, 5 ns pulse duration, 10 Hz repetition rate) is spatially shaped by an SLM (Multi-DM, Boston Micromachines, 140 segmented mirrors). The spatially-shaped pulse passes through a scattering sample (120 Grit ground glass diffuser, Thorlabs). The SLM plane is conjugated with the scattering surface by a 4-f telescope. This ensures that the optical speckle size on the target remains constant for different SLM phase-patterns [17] .
An third lens adds a curvature on top of the SLM phase pattern [12] . The scattered light illuminates a phantom containing an absorbing structure, embedded in an agarose gel with negligible optical scattering. In this study, we use a black leaf skeleton as the absorbing target ( Fig.2 .a) [18, 19] . This sample contains branching structures with multiple orien- The photoacoustic transmission matrix is measured using the protocol described in [12] .
The influence of each of the controllable input modes (SLM pixels) on each of the photoacoustic image pixel is measured by varying the phase of each SLM pattern (in the Hadamard basis) from 0 to 2π in 8 steps. An unshaped part of the circular input beam serves as a 4 fixed reference field [3, 12] . To increase the measurements SNR, the SLM input modes are in practice measured over a Hadamard basis set [3] . A photoacoustic image is acquired for each input SLM phase pattern (as opposed to acquiring only a single one-dimensional time trace as in [12] ). When varying each SLM input pattern phase from 0 to 2π, the intensities values of the photoacoustic images vary according to the cosine of the applied phase [11] . The elements of the photoacoustic transmission matrix are obtained directly by analyzing these cosine modulation phases and amplitudes [11] . To improve the SNR, we analyze the modulation of the maximum intensity values within areas of 125 × 125 µm 2 that match the acoustic resolution cell size, rather on single pixels, which are considerably smaller.
Once the photoacoustic transmission matrix is measured, it can be analyzed to obtained information about the scattering medium and the imaged object. As demonstrated in [12] , the photoacoustic transmission-matrix can be used to selectively focus light through a turbid sample. Here we investigate the light-focusing capability of the two-dimensional photoacoustic transmission-matrix for an arbitrary position on the absorbing structure. To this end, for each of the selected desired focusing positions, we use the transmission-matrix row corresponding to this output mode. We apply the corresponding conjugated phase pattern on the SLM, so that all input modes contribute constructively to maximize the photoacoustic signal at the target location [12] . The results of focusing on three arbitrary targets on the leaf skeleton fibers are shown in Fig.3 . Quantitatively, the signals of the reconstructed photoacoustic image were locally increased by a factor of 6.2 (red target, Fig. 3 .b), 3.4 (blue target, Fig. 3 .e), and 5.2 (green target, Fig. 3.h ). This photoacoustic enhancement factor is defined as the ratio between the maxima over the targeted area (colored square, 125 × 125µm 2 ) of the enhanced (when applying focusing pattern on the SLM) and average ( Fig. 2.c ) photoacoustic images. These ratios are within the order of magnitude of the expected enhancement of the optical intensity, defined roughly as 0.5 × N SLM N speckles , where N SLM is the number of SLM pixels and N speckles the number of optical speckles grains contained in the targeted acoustic cell [3] , which optical intensities are simultaneously enhanced. Here, the distance between the scattering sample and the absorbing structure yielded 25µm diameter speckle grains on the absorbing structure ( 1 √ 2 × FHWM of speckle autocorrelation). The size of the targeted acoustic resolution cells is 125 × 125µm 2 .
N speckle is thus assessed to be aroud 25, leading to an expected optical enhancement factor around 3. We compute N speckles as a ratio of areas, because the speckle are elongated in the light propagation axis. Moreover, the elevation resolution of the transducer-array is not taken into account here because the absorbing sample is fully contained in the elevation focal zone. In the focusing results presented in Fig.3 , we have selected noticeably bright points on the standard photoacoustic image ( fig. 2.c) as target points, meaning that focus- ing was obtained only on rather horizontal veins of the leaf skeleton. However, using the photoacoustic transmission matrix, light focusing and control can be exerted on normally "invisible" vertical structures as well. In Fig.4 , we demonstrate such focusing on one such portion that is invisible on Fig.2 .c. Even though the pixel values are close to the noise floor around the target point in the standard photoacoustic image (Fig.4.b) , we are able to focus at this location using the same phase-conjugation focusing procedure. The corresponding result is shown on Fig.4 .c. The identification of the appropriate target positions is made possible thanks to the visibility enhancement allowed by the photoacoustic transmission-8 matrix ( Fig. 2.d) . In summary, we have demonstrated that the implementation of the transmission-matrix approach on a two-dimensional photoacoustic imaging system enables to control light focusing over a large field-of-view without any mechanical scanning process, by parallezing the acquisition of the output modes. We experimentally demonstrate the selective focusing at arbitrary target points on a complex absorbing structure located behind a scattering sample. Moreover, we have shown that structures that are invisible in a standard photoacoustic image due to the limited-view configuration could be revealed by imaging the signals modulation when varying the input modes. In addition, we have demonstrated the capability to focus on these hidden segments using this modulation image to select the target points.
We note that the photoacoustic transmission-matrix method suits well the study of complex absorbing samples, as it enables a clear identification of the targets regardless of their orientation relatively to limited-view acquisition and allows to locally enhance photoacoustic signals.
Optical focusing was performed up to the acoustic resolution. Further studies are required to understand the effect of wavefront shaping below this current resolution limit. [1] Vasilis Ntziachristos. Going deeper than microscopy: the optical imaging frontier in biology. 
